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SOLIUM FLUORIDE DISCHARGE FOR FAST Z-PINCH EXPERIMENTS

I. INTRODUCTION

The possibility of creating population inversion by matched line
photopumping has been suggested! and investigated?'? by a number of authors. An
attractive scheme! employs the NaX 1s? 'S - 1s2p !P, line at 11,0027 A tc pump
the NeIX 1s? !S, - 1lsdp P, line at 11.0003 A. This scheme is attractive because
the line coincidence is excellent (2 parts in 10%), but it requires an intense
source of 11-A NaX pump radiation.

Intense x-ray sources are produced by Z-pinch implosions driven by fast
(< 100 ns), high-current (> 1 MA) pulsed power generators. For example, neon
gas-puff implosions driven by the Gamble II generator at the Naval Research
Laboratory have produced up to 4 kJ of neon K-shell radiation with as much as
70% of the energy in the Lyman-alpha (L-o) and heliumlike resonance (He-a)
lines.® A similar approach is being taken to produce heliumlike sodium in a
Z-pinch implosion. This paper reports the development of a sodium-fluoride
(NaF) capillary discharge to provide a sodium-bearing plasma for such implosion
experiments. A peak power of 25 GW with a total radiated energy of 600 J has
been measured in the He-« line for implosions of this NaF plasma driven by a
peak current of 1.2 MA.® Recently, this plasma source has been used in sodium-
pump/neon-lasant photopumping experiments.’

Discharges through dielectric capillaries that vaporize the wall are well
known. They have been developed as standard light sources® and have been
studied as plasma sources.’® More recently, the use of capillary discharges as a
soft x-ray source!? or for thermonuclear fusion!'! has been examined. In this
report, the development of a capillary discharge to produce a plasma appropriate
for high-power Z-pinch implosions is described.

Manuscript approved October 17, 1988.
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II. DESCRIPTION OF THE CAPILLARY SOURCE

The NaF plasma was produced by discharging a capacitor through a capillary
which was drilled in packed NaF powder. The geometry of the capillary source is
shown in Fig. 1. The NaF powder was supported in a Teflon (CF,) dielectric
separating the center electrode and the outer conductor. The powder was packed
to a density of approximately 1 g/cm® in a 5-mm diameter hole in the dielectric,
either 1.25 or 2.5-cm long. A 0.5-mm diameter capillary was drilled through the
packed NaF powder. Previous work!2? with capillaries ranging in diameter from 3
to 0.3 mm indicated that more energy was coupled to the plasma when smaller
diameter capillaries were used. Current was driven through the capillary from
the negative high-voltage center conductor to the grounded outer conductor.
Powder from the capillary walls was heated to the plasma state by the electrical
discharge and subsequently ejected from the capillary by over-pressure of the
heated NaF. Some measurements were alsoc made with a CF, capillary which was
formed by drilling a 0.5-mm diameter hole in the CF, dielectric.

A nozzle was used to restrict radial expansion of the plasma and to
collimate the plasma into a cylindrical column. Three different anodized
aluminum nozzles were used. Two nozzles had a 1.2-cm exit diameter and either a
2-cm or 5-cm length, and the other nozzle had a 2-cm exit diameter and a 5-cm

length.

III. ELECTRICAL MEASUREMENTS

The current waveform of the capacitor discharge was measured to determine
the electrical characteristics of the discharge. A schematic diagram of the
discharge circuit is given in Fig. 2. The 1.8-yF capacitor was charged to 25 kv
providing a 560-J energy store. The current waveform was modeled by an RLC
circuit, and the resistance, inductance, and amplitude of the current were

determined by fitting the calculated waveform to the measured current. The
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capillary was initially replaced by a short circuit to determine the resistance
(R) and inductance (L) of the driving circuit. The short circuit was made by
replacing the NaF with a 3.2-mm diameter brass.rod. Once values of R and L were
known, the waveform of the current through the>NaF capillary gave an indication
of the total resistance (R+R ) and inductance (L+L_) of the circuit with a
capillary load. Figure 3 presents waveforms for (i) the capillary replaced by a
short circuit, (ii) a 1.25-cm long NaF capillary, and (iii) a 2.5-cm long NaF
capillary. For the short-circuit load, the current qscillates in an underdamped

fashion and the waveform is in good agreement with the RLC circuit-model

current. With a NaF capillary load, the current is further damped due to the

additional resistance of the capillary. The agreement with the RLC-model
current is not as good with a capillary load because the resistance and
inductance. of the capillary are time dependent. Even so, the RLC-model current

agrees with the measured waveform over three-fourths of the first period of the

-qurrent.

The circuit characteristics obtained from the RLC model with and without NaF

loads are given in Table I. The 1.25-cm capillary adds 33 mQ and 25 nH to the

circuit, while the 2.5-cm capillary adds 77 mQ and 54 nH. The uncertainties in

these resistance and inductance determinations of + 20 m@ and + 20 nH,

TABLE I

RLC CIRCUIT CHARACTERISTICS FOR VARIOUS CAPILLARY CONFIGURATIONS

Peak First
R+R_ L+L,. Current Period
Configuration _ (mR) (nH) (kA) (us)
Short-circuit capillary (R_=L_=0). 75 135 77 3.1
1.25-cm NaF capillary. 108 160 53 3.5
2.5-cm NaF capillary. 152 ‘189 41 3.9




respectively, are based on estimating the goodness of the fits to the measured
current waveforms. The scaling of the resistance with the length of the
capillary is consistent with interpreting this resistance as the capillary-
plasma resistance. The scaling of the inductance with the length of the
capillary suggests that this inductance is associated with the current path in
the capillary plasma. However, if the 25-nH increase in inductance observed for
the 1.25-cm capillary arises from a linear current path in the capillary, the
current must be confined to an unrealistically small diameter (0.2 im). The
large increases in inductance observed with the capillary loads are not
understood. Possible explanations are that the current path in the capillary is
much longer than the length of the capillary, for example, either a spiral path
within the capillary, or current distributed in plasma within the exit nozzle.
The energy delivered to the capillary was determined by using the measurec
current and resistance to calculate the ohmic power dissipated in the capillary.
Integrating this power in time gave the energy coupled to the capillary. This
energy is 180 + 50 J for the 2.5-cm capillary and 50 to 200 J for the 1.25-cm
capillary. The uncertainties in these values are due to the uncertainties in the
resistance determinations. More than 90% of the energy is delivered to the

capillary during the first period of the current pulse.

IV. FARADAY CUP MEASUREMENTS

Faraday cups were used to determine the net ion-current density of the
plasma from the capillary as a function of time. Negatively biased (50 V) cups
with 0.25-mm diameter entrance apertures were placed in the vacuum chamber
opposite the capillary source as shown in Fig. 4. The measured signals gave an
indication of the local positive-ion current density as a function of time, By
using two Faraday cups at different distances, an ion drift velocity was

determined from the time difference between the signals at the two different
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locations on the same shot. The velocity can also be determined by varying the
distance between the Faraday cups and the capillary on multiple shote. Faraday-
cup signals (see Fig. 5) were obtained for a 2.5-cm long NaF capillary with a
2-cm exit-diameter nozzle. The times of arrival of the three peaks of the
Faraday-cup signals are plotted versus distance for these two shots along with
two other shots in Fig. 6. Measurements were taken on the same shot at 10 and
15.6 cm, at 15 and 20.6 cm, and at 20 and 25.6 cm to minimize variations due to
lack of reproducibility. The slopes of these plots indicate velocities of 3.4,
2.7, and 2.2 cm/us for the three peaks with standard deviations of + 0.2 cm/us.

Once the velocity is known, the measured Faraday-cup signal, V, can be used
to estimate the ion density according to

| n; = V/(evAR) | (1)

where v is the ion velocit?, A is the area of the Faraday-cup aperture, e is the
electronic charge, and R (50 Q) is the termination resistance of the Faraday-cup
signal.. It is assumed that the ions are singly charged, that electron emission
from ion impact in the cup is negligible, and that the Faraday cup does not
perturb tﬁé plasma flow. The Faraday-cup trace in Fig. 7 was measured with a
detector located 5 cm in front of the nozzle. The first three peaks in this
trace correspond to those in Figs. 5 and 6. The third and largest peak is
associated with the 2.2-cm/us velocity and represents a density of about
S x 105 crr?. Smaller densities were determined for the first two peaks. If
the Faraday cup was located closer to the capillary, this signal was saturated.
Increasing the detector bias to prevent saturation lead to electrical breakdown
when plasma impinged on the detector. An order-of-magnitude estimate of the
total number of charged particles arriving at 5 cm wus made by integrating this
signal in time and using the velocity associated with the largest peak. For
this estimate, the area of the ion beam was assumed to be given by the diameter

of the plasma at the Faraday cup as indicated by framing-camera pictures (see

5




Section V). If all these ions are assumed to be singly-ionized sodium, the
estimated total mass of sodium is 23 ug. For comparison, the total mass of NaF
powder from the capillary, determined by weighing the capillary before and after
the discharge, was approximately 100 mg. Clearly, only a small fraction of the
total NaF is ionized sodium. The total number of singly-ionized sodium ions
corresponds to a total ionization energy of 0.5 J and a total kinetic energy of
5.6 J. These estimates indicate that only a small fraction of the energy
delivered to the capillary (6 J out of 180 J) is carried by sodium ions in the

plasma, and it is primarily kinetic rather than ionization energy.

V. VISIBLE LIGHT MEASUREMENTS

The light emitted from the plasma was recorded in a number of ways. Open-
shutter photographs and framing-camera pictures were used to give an indication
of the spatial distribution of light-emitting plasma. In Fig. 8a is an open-
shutter photograph of the light from the discharge of a 1.25-cm long NaF
capillary without a nozzle. For this measurement, a 50-A bandpass filter
centered at 5890 A was used to transmit the sodium "doublet" lines at 5890 and
5896 A. The elliptical image indicates that plasma is expanding from the
capillary into less than 2r steradians.

A framing camera was used to record time-resolved images of the visible
light as shown in Fig. 8b. Images were recorded for 0.2 us at 1l-us intervals
during the discharge. The frames are numbered sequentially in time, beginning
in the lower left corner and ending in the upper right. The first frame begins
0.5 us after the discharge is initiated unless otherwise specified. 1In all
cases the capillary source is on the right. The framing-camera pictures show
well defined luminosity fronts that progress from frame to frame. The discharge
in Fig. 8b is for a 0.5-mm diameter capillary in a CF, dielectric without a NaF

fill and without a nozzle. Also, the sodium "doublet" filter was not used. The
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ejected plasma impinges onto two screens located 7.5 cm and 12.5 cm,
respectively, from the capillary. Frame 1 shows plasma just beginning to exit
the capillary. In later frames, two successive luminosity fronts are observed
to expand from the capillary and interact with the screens. The luminosity at
the exit of the _apillary is peaking in frames 3 and 5. In frames 4 and 7, the
luminosity peaks behind the first screen as plasma passes through this screen.
The divergence of the ejected plasma into nearly 2n steradians is evident in
these frames.

The effect of 1.2-cm and 2-cm diameter nozzles on redirecting the plasma can
be seen in the photographs in Figs. 9 and 10, respectively. For the open-
shutter photographs in Figs. 9a and 10a, the sodium "doublet” filter was not
used because spectral measurements indicated that the total visible-light
emission was predominantly from sodium. The light-emitting plasma is limited to
a diameter comparable to the nozzle diameter. The emission from this plasma is
axially and radially nonuniform. Near the exit of the nozzle, plasma is
confined to the nozzle diameter. Several centimeters from the nozzle, the
plasma appears to expand radially in a cone originating near the nozzle exit.

Framing-camera photographs for discharges with these same diameter nozzles
are shown in Figs. 9b and 10b. Light is recorded in the first frame in Fig. 9b
because the frame times have been delayed by 2 us for this measurement. Radial
confinement of the plasma by the nozzle can once again be seen but now with time
resolution. The velocity of the luminosity front was estimated by measuring the
distance the front travels between frames. For frames 3 to 5 in Fig. 9b the
velocity of the luminosity front is about 1.7 em/us. 1In Fig. 10 a screen is
located only 5 cm away from the nozzle. The frames in Fig. 10b show intense
light coming from the outer edge of the nozzle suggesting that plasma is
redirected toward the axis by the walls of the nozzle. Also shown is a cone of

intense light originating on axis at the exit of the nozzle and extending toward
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the screen. Both of these features are also evident in the open-shutter
photograph in Fig. 10a. These photographs indicate that the capillary discharge
can be used to produce a column of sodium-bearing plasma about 2-cm in diameter
and at least 4-cm long as required for Z-pinch implosion experiments.

Photodiodes (EG&G Model FND-100) were used to record time histories of the
light intensity in the geometry shown in Fig. 4. Flexible black tubing was used
to restrict the detector viewing to a 1.8-cm length of the plasma, and a filter
was used to limit the detector signal to only sodium "doublet" emission. By
using two photodiodes to record the plasma light at two different distances from
the nozzle exit, a velocity was determined. Figure 11 shows two photodiode
traces corresponding to a 4-cm separation of the diodes. Velocities determined
from the two peaks are 1.7 and 1.2 cm/us. These velocities are up to a factor-
of-two smaller than velocities deduced from the Faraday-cup measurements, but
are in agreement with the velocity determined from framing photography. The
5 to 10-us duration of the sodium-light emission combined with the measured
velocities indicates that sodium from the capillary should form a column longer
than the 4 cm required for implosion experiments on the Gamble II generator.
The successive peaks observed with the Faraday cups and in the visible-light
emission may be associated with the periodicity of the current driving the
capillary.

Comparison of visible-light measurements, i.e., framing-camera pictures and
a Faraday-cup signal, is made in Fig. 12. The framing duration and the timing
interval are as in Figs. 8 to 10. Frame times corresponding to the bottom row
of framing pictures in Fig. 12a are indicated by the dashed traces in Fig. 12b.
The arrival of ions at the Faraday cup occurs before the luminous front reaches
the same location. These observations indicate that the larger velocities
determined from Faraday cups (which measure ions) are not associated with the

smaller velocities obtained from photodiodes (which measure light mainly from
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neutrals). Light is observed at the locations of the Faraday cups in Fig. 12a
after the luminous front exits the nozzle. This light may be due to either
reflection of light from the front of the Faraday cup or to emission from plasma
which stagnates on the Faraday cup. No light emission was observed associated
with the first peak in the Faraday-cup signal in either the framing images or
the photodiode traces. These data suggest that the discharge produces a fast

ion component followed by a slower, luminous, neutral component.

VI. VISIBLE AND NEAR UV SPECTROSCOPY

A 0.5-m spectrometer with a 1200 line/mm grating was used to study light
emitted from the capillary-discharge plasma both photographically and with time
resolution. The spectrometer viewed the plasma perpendicular to its exit from
the nozzle, and a lens was used to image the source onto the entrance slit of
the spectrometer as shown in Fig. 4. For the photographic work, the spectrum
was spatially resolved in the radial direction at the exit of the nozzle. In
spectral scans from 2300 to 6700 A, lines of neutral sodium and neutral fluorine
were identified, as well as impurity lines of carbon, copper, zinc, aluminum,
and hydrogen. Spectral lines from Nal, for two different discharges, recorded
with a 100-gm entrance slit, are compared in Fig. 13. 1In each case, the intense
and broadened portion of the lines corresponds to the nozzle diameter.
Measurements with various neutral-density filters and entrance-slit widths
indicated that this line broadening is not due to over-exposure of the film.
The line broadening is indicative of a higher electron density on axis than
elsewhere in the plasma. The Nal emission is radially more uniform for the
1.2~cm diameter nozzle in Fig. 13b than for the 2-cm diameter nozzle in
Fig. 13a. This suggests that radial variations of the electron density are less

severe for the smaller diameter nozzle.
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The sodium "doublet" emission, labeled 3s-3p in Fig. 13, appears to be
reabsorbed at line center, which indicates that the plasma is opaque at these
wavelengths. This absorption is attributed to neutral sodium in the ground
state between the light-emitting sodium and the spectrometer. This reabsorption
can be used to estimate a minimum sodium ground-state density in the plasma.
Measurements were made of higher members of the Nal resonance series because the
smaller oscillator strengths of these lines, compared to the 3s-3p line, leads
to much larger minimum densities. A photomultiplier was coupled to the exit
slit of the spectrometer to record the time histories of weak lines. The Nal
line at 2852 A (3s-5p) wus scanned in wavelength and found to be reabsorbing at
line center. Reabsorption occurred for a duration of more than 5 ys beginning
about 6 us after the start of the capillary current. To account for this
absorption, an optical depth of at least unity is required, which corresponds to
a minimum sodium ground-state density of about 3 x 106 cm 3.

Velocities of sodium atoms were determined by measuring the Nal line
emission at two different distances from the nozzle. Time histories of the Nal
line at 5890 A, recorded at the nozzle and 5 cm from the nozzle, are shown in
Fig., 14, Velocities corresponding to the two peaks in these signals are 1.7 and
1.5 cm/us, respectively. These values agree with the velocities from the
visible-light photodiode measurements.

Time histories of the Cul line at 5218 A are presented in Fig. 15. The
solid trace gives an indication of the impurity emission in a typical discharge.
The dotted trace indicates the relative copper-impurity content when the hole in
the brass outer electrode was covered with an aluminmum insert. The dash-dot
trace indicates the relative copper-impurity content when the aluminum insert
was used and the brass center electrode was covered with tantalum foil. These
results demonstrate that the copper impurity is from the brass electrodes and
can be changed by modifying the electrodes.

10
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The electron density, n,, in the plasma was determined by measuring the
Stark broadening of the Balmer alpha line (6563 A) from the hydrogen impurity.
Measurements of this line were carried out at the exit of the nozzle and were
restricted in the direction perpendicular to the line-of-sight to within 2 mm of
the axis in order to minimize uncertainties due to nonuniformities in n,. Time
histories of the intensity of this line were measured from 9 A below line center
to 7 A above line center. Histories at seven different wavelengths at and above
line center are given in Fig. 16. From these measurements, line profiles were
extracted at various times during the discharge. The profiles were fit to
Lorentzian functions, and the half-width at half-maximum was determined for each
profile. An example of one of the profiles is shown in Fig. 17. There is no
indication of self absorption in this line shape. Stark broadening is the major
contributor to the 2.2-A half-width of this line. For the various times of
these measurements, the half-widths ranged from 1.0 to 3.5 A. An instrumental
width of only 0.3 A for the 20-ym entrance slit was determined by scanning the
5461-A line of a mercury vapor lamp. The thermal Doppler width is only 0.4 A
for a temperature of 2 eV. An upper limit on the Doppler width due to
macroscopic motion was estimated to be 0.3 A based on a velocity of 1.5 cm/us.
Therefore, the instrumental and Doppler contributions to the line widths are
small and were neglected in determining n,. The measured half-widths were
compared with tabulated Stark widths!? to determine the negative-charge density.
This density is attributed to electrons, not negative ions, because the
negative-ion density is negligible at the measured electron density and
temperature, as will be shown. The Stark widths were evaluated for a
temperature of 2 eV, based on measurements to be described. The Stark width at
this temperature and density is not strongly dependent on temperature. A
temperature of 1 eV would only cause a 5 to 15% decrease in this density.
Values of n,, determined from the measured line widths,!* are given in Fig. 18

11
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along with the time history of the line at line center. These are radially
averaged electron densities at the nozzle exit. Recent calculations of Stark
broadened profiles of the Balmer alpha line in this temperature and density
range would imply slightly higher electron densities.!® The uncertainty in each
measurement arises from uncertainty in the line width due to shot-to-shot
variations in the signal and to small signal-to-noise ratios at late time. The
peak value of n, is 8 x 10!® cmw3. This peak is associated with the second peak
in the Faraday-cup signal shown in Fig. 7. It was not possible to extend this
measurement to later time corresponding to the maximum ion density recorded by
the Faraday cup because the hydrogen line emission is too weak. However, the
Faraday-cup measurement suggests that n, may be a factor-of-two larger about

3 us later (see Fig. 7).

The electron temperature, T,, was inferred from the relative intensities of
the CI line at 2478 A and the CII lines at 2509-2512 A. The relative
populations of these ionization states of carbon can be calculated with the Saha
equation for a plasma in local thermodynamic equilibrum (LTE) if both n, and T,
are known.!'® Then, the relative population of the upper states of these two
transitions is determined using the Boltzmann relationship for level
populations. Oscillator strengths!’ of 0.094 for the 2p?-2p3s transition of CI
and 0.14, 0.16, and 0.014 for the 2s2p?-2p® transitions of CII (J-J' = 3/2-5/2,
1/2-372, 3/2-3/2) were used to evaluate the relative intensity of these lines as
a function of n, and T,. Because this line ratio depends on both T, and n,, T,
was determined only over the time interval for which n, was also determined, as
described in the previous paragraph. For the time interval from 2.25 to

5.25 us, T

= 1.4 - 1.6 eV. This measurement represents an upper limit on T,
because the weak CII line intensity may be over-estimated due to other

contributions to this signal.
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The plasma conditions required for LTE of the CI and CII ionization states
and for equilibrium between these ionization states were examined. For a
particular ionization state in a homogeneous static plasma, complete LTE is
established if the collisional excitation rate is a factor of ten larger than
the radiative decay rate of the resonance transition.!® Applying this criterion
to a 1.5-eV carbon plasma leads to lower limits on n, of 5 x 10'¢ cm3 for CI and
4 x 10'? em? for CII. Thus, complete LTE is valid at the the time of measured
peak n, (8 x 10'¢ cm?) for CI but not for CII. Partial LTE with respect to
transitions from higher principle quantum number does not require as large a
density as complete LTE. If an effective principle quantum number of 3 is used
for the CII transition,!® partial LTE is valid because the minimum density is
only 1 x 10!¢ cmr®. The time required for equilibration between these ionization
stages of carbon was estimated from inverse reaction rates.!® An ionization
rate coefficient of 8 x 10-'2 cm’/s, based on a 1.5-eV CI plasma, indicates an
equilibration time of 1.5 us for an electron density of 8 x 1016 cm3. For a
plasma that goes through a sequence of near LTE states, the time required for
relaxation of transient effects can be estimated from the inverse collisional
excitation rate of the ground state multiplied by the fraction of atoms to be
excited. This time is < 11 ns for CI. These comparisons suggest that the LTE
analysis is marginally appropriate for the CI and CII states used for the
temperature estimates.

A model?® based on the Saha equation, charge neutrality, and conservation of
particles was used to estimate the population of various ionization stages of
sodium and fluorine in the plasma assuming a total density for each species of
1017 car?. This density was selected because it leads to an electron density at
1.5 eV that is comparable with the measured n,. The populations of each
ionization state relative to the particular species, NaI, Nall, FI, and FII, are

given in Fig. 19 as a function of plasma temperature. At the measured
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temperature of < 1.5 eV, the sodium is almost entirely ionized and the fluorine
is 86% neutral. At 1.5 eV, populations of the discharge constituents are
approximately 1% NaI, 49% NalI, 43% FI, and 7% FII. The population of F- ions
is negligible and becomes significant only for temperatures less than 0.6 ev.
The population of NaIII is negligible over the temperature range in Fig. 19 due
to the large ionization potential (47 V) of neonlike sodium.

The total particle density in the plasma was determined by combining the
electron density with the population fractions deduced from the Saha model.
This procedure is appropriate because the population fractions are only weakly
dependent on the electron density. With only single-stage ionization, the value
of n, (8 x 10!¢ cm?) determined from the hydrogen line width is the total
positive-ion density at the exit of the nozzle. This result is more than an
order-of-magnitude larger than the density determined from the Faraday cup
located 5-cm in front of the nozzle (see Section IV). This difference may
result from expansion and/or recombination as the plasma expands away from the
nozzle. For a total positive-ion density of 49% NaIl and 7% FII, the total
density (sodium and fluorine) is approximately 1.4 x 107 cm?®. This result is
relatively insensitive to the temperature in the range from 0.7 to 1.6 ev
because the sodium is more than 90% singly ionized for temperatures greater than
0.7 ev, and the FII contribution is less than 12% for temperatures below 1.6 eV.
For a 2-cm diameter nozzle, this total density corresponds to a mass per unit
length of 15 ug/cm at 4 us after the start of the current (peak electron density
in Fig. 18). This mass may be a factor-of-two larger 3 ws later in the current
pulse.

The NaI density of 1.4 x 10'3 cm?, based on impurity-line emission and the
Saha-equation analysis, is not inconsistent with the minimum ground-state
density of 3 x 10'® cmr?® estimated from absorption at line center of the 2852-A

line of NaI. These densities are obtained at different times and possibly at
14




different radial sites within the plasma at the exit of the nozzle. The smaller
density is recorded at 4 ys (peak of n, in Fig. 18), while the larger density is
not observed until at least 6 us after the discharge is initiated. Because both
measurements are averaged along a radial line-of-sight through the plasma, the
emission may occur at a different location in the plasma than the absorption

occurs due to radial nonuniformities, as observed in Fig. 10.

VII. CONCLUSIONS

A sodium fluoride plasma for Z-pinch implosions has been produced from a
capillary-discharge source. The capillary is driven with peak currents of 40 to
50 kA for a few microseconds to produce the plasma. Approximately 180 J of
energy is delivered to the capillary to produce a plasma of sodium and fluorine
which is ejected from the capillary. Nozzles are necessary to confine the
plasma to a cylindrical geometry, either 1.2 to 2-cm in diameter. Ions are
ejected at velocities of 2.2 to 3.4 cm/us and neutrals at velocities of 1.5 to
1.7 emy/us. Plasma is emitted for several microseconds so that a 4-cm length may
be filled with plasma as required for Z-pinch implosion experiments.®

The plasma has nonuniformities in both the radial and axial directions.
Measurements suggest that the plasma is emitted in successive fronts which may
be associated with the periodic nature of the driving current. It may be
possible to smooth these nonuniformities by using a slower-period current.
Visible-light framing photographs suggest that the radial nonuniformities are
due to reflection of plasma from the walls of the nozzle and from radial
expansion of the plasma as it propagates away from the ﬁozzle. Obser .1
broadening of spatially-resolved spectral lines is consistent with a higher
electron density on axis, particularly for the 2-cm diameter nozzle. Reducing
the nozzle diameter seems to smooth the radial variations by producing a more

uniform electron density throughout the plasma. Copper impurit. s in the plasma
15
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originate from both electrodes of the capillary, and the impurities can be
altered by changing the composition of the metal electrodes.

Time-resolved spectral-intensity measurements from carbon and hydrogen
impurities were made to determine the electron density and temperature. An
electron density of about 8 x 101 cm® at the exit of the nozzle was determined
from Stark broadening of optically-thin hydrogen-line emission. Temperatures of
1.4 to 1.6 eV were inferred from the relative intensity of CI and CII line
emissions. Interpretation of these results with a Saha model indicates that the
plasma consists mainly of NaIl and FI at the exit of the nozzle, and a total
(sodium and fluorine) density of about 1.4 x 10! cm? is deduced from the
electron density. Faraday-cup measurements 5 cm in front of the nozzle indicate
that this density may be a factor-of-two larger a few microseconds later in
time. This density represents a mass loading of 15 wug/cm which compares
favorably with values of 14 to 33 wg/cm that have been inferred from observed
implosion times® and analyses of spectroscopic measurements?! in experiments

with this source on the Gamble II pulsed power generator.
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Fig. 3. Current traces for different capillary conditions.
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capillary with a 2-cm diameter nozzle.
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